INTRODUCTION
The lipid composition of micro-organisms is very responsive to changes in the chemical and physical properties of the environment. In many micro-organisms, altering one environmental factor frequently causes multiple changes in lipid composition. For example, although lowering the growth temperature of micro-organisms below the optimum usually leads to an increased synthesis of lipids with a high proportion of unsaturated fatty acid residues (Farrell & Rose, I 967 a, b) , in Saccharomyces cerevisiae this effect is accompanied by changes in the proportions of phospholipids (Hunter & Rose, 1972) . Studies in this laboratory have exploited environmentally induced changes in the lipid composition of Sacch. cerevisiae (reviewed by Hunter & Rose, 1971) to investigate relationships between composition and function in yeast membranes. In these studies, it is desirable to be able to bring about specific changes in the lipid composition of organisms. Lester and his colleagues (Waechter, Steiner & Lester, 1969; Waechter & Lester, 1971) recently showed that the presence of choline (I or 10 mM) in the growth medium leads to synthesis of an increased proportion of phosphatidylcholine by Sacch. cerevisiae. This was the first report showing how the content of one type of phospholipid in Sacch. cerevisiae can be altered by medium supplementation, and it provides a useful technique for varying the phosphatidylcholine content of yeast membranes. The present paper shows that provision of exogenous ethanolamine in the growth medium can similarly induce an increased synthesis of phosphatidylethanolamine by S. cerevisiae.
METHODS
The yeast used was Saccharomyces cerevisiae NCYC 366. Methods for maintaining the yeast, growing it in defined medium in batch culture, harvesting organisms, extracting lipids and separating and determining the contents of individual phospholipids were as described by Hunter & Rose (1972) except that, in some experiments, the phosphorus contents of phospholipids were directly determined by acid digestion of the materials without their removal from the thin-layer plates. Phospholipids on thin-layer plates were identified from R, values of standard compounds. Ethanolamine was sterilized by membrane filtration and included in medium at 10 m. Choline, which was included in medium at I m, was sterilized by filtration or by autoclaving.
RESULTS
Addition of choline to the medium causes an increase of about 60 % in the synthesis of total phospholipid by Saccharomyces cerevisiae NCYC 366, as indicated by the phosphorus content of the lipids (Table I) . Most of this increase is attributable to an almost fourfold
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Short communication rise in the content of phosphatidylcholine. The increases in total phospholipid and in the content of phosphatidylcholine are somewhat greater than those reported by Waechter & Lester (1971) . Supplementing the medium with ethanolamine causes a smaller increase in the synthesis of total phospholipids ( Table I) . In these organisms, the increase is mainly attributable to synthesis of additional phosphatidylethanolamine and to a Iesser extent of phosphatidylcholine. Organisms grown in medium supplemented with both choline and ethanolamine also synthesize more total phospholipid, but to a smaller extent than those grown in medium supplemented with only ethanolamine (Table I) . In organisms grown in the doubly supplemented medium, the increase in phospholipid is caused mainly by an increase in the phosphatidylcholine content ; synthesis of other phospholipids was hardly affected as compared with organisms grown in unsupplemented medium. Small amounts of other phospholipids, including dimethylphosphatidylethanolamine, were detected in lipids from organisms grown in the various media, but the amount of any one of these lipids never exceeded I % of the total phospholipid. Addition of choline to medium had no effect on the duration of the lag phase or on the rate of growth of the yeast. The lag phase of growth was however extended by 2 to 4 h when ethanolamine was added to the medium; the rate of exponential growth was not affected.
Label from [2-l4C]ethano1amine is incorporated into phosphatidylethanolamine by organisms grown in choline-free medium ( Table I) . Essentially all of the label was shown (Magee, Baker & Thompson, 1960) . The radioactivity of the ethanolamine accounted for virtually all of the activity of the phosphatidylethanolamine. The recovery did not differ significantly from that obtained when a standard of [2-l4C]ethano1amine was submitted to the same procedure. However, in lipids from organisms grown in [2-14C]ethanolamine-supplemented, choline-free medium, the specific activity of phosphatidylcholine is greater than that of phosphatidylethanolamine ; moreover, the specific activity of dimethylphosphatidylethanolamine is greater than that of phosphatidylcholine (Table I) . In these experiments, it was not possible to resolve completely phosphatidylinositol and phosphatidylserine, and the radioactivity of these lipids is quoted as one value. When choline is added to [2-14C]ethanolamine-supplemented medium, considerably less label from ethanolamine is incorporated into the lipids (Table I) , and almost all of that is in phosphatidylethanolamine the specific activity of which is nevertheless only half of that obtained with this phospholipid in extracts from organisms grown in choline-free medium.
DISCUSSION
Our data confirm the finding of Waechter et al. (1969) on the effect of exogenous choline on synthesis of phosphatidylcholine by Saccharomyces cerevisiae, and extend this effect to show that provision of exogenous ethanolamine causes a smaller but nevertheless reasonably specific increase in phosphatidylethanolamine synthesis. Organisms enriched in phosphatidylcholine or phosphatidylethanolamine will be useful in studies on the role of these phospholipids in yeast membranes, particularly since suitable methods have not so far been available for studying the role of these phospholipids in, for example, membrane transport. In addition, our data show that it is possible to label phosphatidylethanolamine in lipids of Saccharomyces cerevisiae with some degree of specificity, a technique which furnishes a valuable tool in studies on phospholipid metabolism in yeast.
Two different pathways lead to synthesis of phosphatidylcholine. One involves formation of phosphatidylserine from CDP-diacylglycerol and serine ; phosphatidylserine is then decarboxylated to yield phosphatidylethanolamine which, in turn, is N-methylated to produce phosphatidylcholine. In a second pathway, CDP-choline reacts with a I ,a-diacylglycerol to produce phosphatidylcholine ; phosphatidylethanolamine is synthesized in a similar reaction involving CDP-ethanolamine and a I ,2-diacyIglycerol. The former or methylation pathway operates in a wide range of organisms including bacteria and fungi (Goldfine, I 972) and mammalian tissues (Lennarz, 1970) . Saccharomyces cerevisiae uses the methylation pathway (Letters, 1966; Waechter et al. 1969; Hunter & Rose, 1971) . However CDP-choline and CDP-ethanolamine were detected in Succh. cerevisiae (Kennedy & Weiss, 1956; Tochikura, Kimura, Kawai & Gotan, 1972) which suggested that the second or cytidine nucleotide pathway may also be used by yeast. The data of Waechter et al. (1969) and Waechter & Lester ( I 971) on incorporation of choline into phosphatidylcholine provided the first direct evidence for operation of the cytidine nucleotide pathway in Succh. cerevisiae. Our data on incorporation of label from [P4C]ethanolamine into phosphatidylethanolamine by Sacch. cerevisiae provide further direct evidence for operation of this pathway in this organism. Indirect evidence for synthesis of phosphatidylethanolamine from ethanolamine
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Short communication came recently from Steiner & Lester (1972) . They studied incorporation of sn [14C]glycero-3[32P]phosphate into phospholipids by a cell-free particulate fraction of Sacch. cerevisiae, and calculated that the cytidine nucleotide pathway may be responsible for about a quarter of the phosphatidylethanolamine synthesized by yeast. The possibility that ethanolamine is incorporated into phosphatidylethanolamine by reactions other than those of the cytidine nucleotide pathway appears unlikely. A Ca2+-stimulated exchange of ethanolamine with phospholipids has been reported in vitro in animal (Dils & Hiibscher, 1959) and plant tissue (Yang, Freer & Benson, 1967) although the role of the reaction in vivo is very uncertain (Hill & Lands, 1970) . The reaction has not, however, been reported in micro-organisms. Even if such an exchange reaction were possible in yeast, the rapid rate of synthesis of phospholipids in exponentially growing cultures of yeast would probably preclude any major contribution to phospholipid synthesis being made by the reaction. Nevertheless, until data are available on the operation of the exchange reaction in yeast, the possibility that some ethanolamine is incorporated in this way cannot be dismissed. The possibility that ethanolamine is incorporated into phosphatidylserine following carboxylation of ethanolamine can be discounted since an ethanolamine carboxylase has not been reported. The increased synthesis of phosphatidylethanolamine, but to a much more limited extent of phosphatidylcholine, in organisms grown in the presence of ethanolamine suggests that methylation of phosphatidylethanolamine is under tight metabolic control. However, the high specific activity of phosphatidylcholine and especially of dimethylphosphatidylethanolamine from organisms grown in choline-free ethanolamine-supplemented medium suggests a preferential methylation of phosphatidylethanolamine synthesized from exogenously provided ethanolamine. An alternative explanation by which free ethanolamine may be methylated to choline (Nemer & Elwyn, 1960) seems unlikely in view of the high specific activity of the dimethylphosphatidylethanolamine in these organisms. It is conceivable that methylation of phosphatidylethanolamine synthesized from phosphatidylserine, and of phosphatidylethanolamine synthesized from ethanolamine, occurs at different sites in yeast. The need for separate locations for these syntheses may be associated with the requirements of the organism for phospholipids with fatty-acid residues containing different degrees of unsaturation for, in animal tissues, it has been reported that phosphatidylcholine synthesized by the cytidine nucleotide pathway contains a greater proportion of saturated fatty-acid residues than when synthesized by the methylation pathway (Kanoh, I 969).
Our results on incorporation of labelled ethanolamine into phospholipids by organisms grown in the presence of choline support the suggestion of Waechter & Lester (1971) that the presence of free choline in the medium represses synthesis of enzymes that catalyse methylation of phosphatidylethanolamine to phosphatidylcholine. The contents of phosphatidylethanolamine and phosphatidylcholine in these organisms suggest that synthesis of phosphatidylethanolamine is controlled by choline since, even when methylation of phosphatidylethanolamine is repressed, the content of phosphatidylethanolamine in the organisms does not increase as compared with those grown in unsupplemented basal medium. The lower specific activity of phosp hatidylethanolamine in these organisms also suggests that the presence of chdine regulates synthesis of phosphatidylethanolamine from ethanolamine, possibly as a result of competition between choline and ethanolamine for a phosphokinase (Wittenberg & Kornberg, 1953) .
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